Age-related decreases in cortical thickness observed during adolescence may be related to fluctuations in sex and stress hormones. We examine this possibility by relating inter-regional variations in age-related cortical thinning (data from the Saguenay Youth Study) to inter-regional variations in expression levels of relevant genes (data from the Allen Human Brain Atlas); we focus on genes coding for glucocorticoid receptor (NR3C1), androgen receptor (AR), progesterone receptor (PGR), and estrogen receptors (ESR1 and ESR2). Across 34 cortical regions (Desikan-Killiany parcellation), age-related cortical thinning varied as a function of mRNA expression levels of NR3C1 in males (R 2 = 0.46) and females (R 2 = 0.30) and AR in males only (R 2 = 0.25). Cortical thinning did not vary as a function of expression levels of PGR, ESR1, or ESR2 in either sex; this might be due to the observed low consistency of expression profiles of these 3 genes across donors. Inter-regional levels of the NR3C1 and AR expression interacted with each other vis-à-vis cortical thinning: age-related cortical thinning varied as a function of NR3C1 mRNA expression in brain regions with low (males: R 2 = 0.64; females: R 2 = 0.58) but not high (males: R 2 = 0.0045; females: R 2 = 0.15) levels of AR mRNA expression. These results suggest that glucocorticoid and androgen receptors contribute to cortical maturation during adolescence.
Introduction
Adolescence is a transitional period that involves a large number of social (e.g., conflicts with peers and adults) and physical (e.g., sexual maturation) events that may contribute to brain maturation (Sisk and Foster 2004; Mills et al., 2014) . At a macroscopic level, a number of large-scale magnetic resonance imaging (MRI) studies of typically developing adolescents have identified age-related changes in brain structure, including age-related decreases in cortical thickness (Tamnes et al. 2010; Brown and Jernigan, 2012; Mutlu et al. 2013; Nguyen et al. 2013; Mills et al. 2014; Wierenga et al. 2014; Amlien et al. 2016; Paus et al. 2017) .
Cortical thinning during adolescence can be explained by different factors, including stress and sexual maturation. Stress and sex hormones have been found to influence the cellular components (including the number of neuronal cells, dendrites, glial cells, capillaries, etc.) that make up the cortical gray matter in rats (e.g., Gould et al. 1990; Woolley and McEwen 1994; Li et al. 2004; Tata and Anderson 2010) and hamsters (Garelick and Swann 2014) , as well as influences on the volume of cortical gray matter and cortical thickness in humans (e.g., Neufang et al. 2009; Peper et al. 2009; Witte et al. 2010; Carrion et al. 2010; Kremen et al. 2010; Paus et al. 2010; Bramen et al. 2011; Nguyen et al. 2013; Savic and Arver 2014; Herting et al. 2015) .
In this study, we focus on the hypothalamic-pituitaryadrenal (HPA) and the hypothalamic-pituitary-gonadal (HPG) axes, which have particular relevance to this developmental period. The HPA axis is a key regulator of an individual's response to stress, and its activation results in the release of corticotropin-releasing hormone from the hypothalamus, adrenocorticotropic hormone from the pituitary gland, and cortisol from the adrenal cortex. Cortisol then activates glucocorticoid receptors in the target cells present throughout the body, including the brain. The HPG axis is a key regulator of sexual maturation during puberty; its activation during this developmental period results in the release of gonadotropin-releasing hormone from the hypothalamus, gonadotropins from the pituitary gland, and sex steroids (testosterone, progesterone, and estrogen) from the gonads. Testosterone, progesterone, and estrogen activate androgen receptors (AR), progesterone receptor (PGR), and estrogen receptors (ESR1 and ESR2), respectively.
To understand the mechanism underlying age-related cortical thinning during adolescence, we examined whether interregional variations of mRNA expression levels of genes related to the HPA and HPG axes in the human cerebral cortex explain inter-regional variations in age-related cortical thinning. Specifically, we selected the following genes mediating the action of hormones produced by the HPA and HPG axes: glucocorticoid receptor (NR3C1) gene; androgen receptor (AR) gene; progesterone receptor (PGR) gene; and estrogen receptor alpha and beta (ESR1 and ESR2) genes. Using gene-expression data from the Allen Human Brain Atlas (Hawrylycz et al. 2012) , we tested whether the expression levels of each of these genes were related to the age-related cortical thinning in a community-based sample of adolescents. As there is also interplay between the HPA and HPG axes (as reviewed by Viau 2002), we also tested for the interaction between the HPA and HPG vis-a-vis age-related cortical thinning.
To ensure that the inter-regional gene-expression profiles across the brain are consistent, we have compared the geneexpression profiles from the Allen Human Brain Atlas with those from the BrainSpan Atlas (www.brainspan.org).
As stress and sex hormones are related to the volume of cortical gray matter and cortical thickness (e.g., Neufang et al. 2009; Peper et al. 2009; Carrion et al. 2010; Kremen et al. 2010; Paus et al. 2010; Witte et al. 2010; Bramen et al. 2011; Nguyen et al. 2013; Savic and Arver 2014; Herting et al. 2015) , we hypothesized that inter-regional variations in age-related cortical thinning would be associated with inter-regional variations in gene expression of steroid receptors in the brain.
Materials and Methods

Participants
Data were collected in 1019 adolescents (12 to 18 years of age) recruited in the Saguenay Lac St. Jean (SLSJ) region in Quebec, Canada, as part of the Saguenay Youth Study (SYS; Pausova et al. 2007 Pausova et al. , 2016 . This is a community-based sample of a single ethnicity (French ancestry) recruited in local high schools. Written informed consent from parents and assent from the adolescents were obtained. The participants underwent extensive (15 h) phenotyping, including MRI of the brain. The main exclusion criteria were: (1) positive medical history for meningitis, malignancy, and heart disease requiring heart surgery; (2) treatment for schizophrenia or bipolar disorder; (3) severe mental illness (e.g., autism) or mental retardation (IQ < 70); (4) premature birth (<35 weeks); and (5) MRI contraindications. Additional information about the recruitment, exclusion criteria and all testing procedures are provided in Pausova et al. (2007) . Details of procedures relevant for this report are described below.
MRI Acquisition and Analysis
Structural MRI data were collected on a Phillips 1.0-T superconducting magnet (Gyroscan NT; Philips Medical Systems, Best, the Netherlands). T1-weighted images were acquired using the following parameters: 3D RF-spoiled gradient-echo scan with 140-160 slices, 1-mm isotropic resolution, time repetition = 25 ms, time echo = 5 ms, and flip angle = 30°.
We extracted cortical thickness using FreeSurfer (version 5.0.0), a set of automated tools for the reconstruction of the cortical surface (Fischl and Dale 2000) . FreeSurfer is documented and freely available for download online (http://surfer.nmr. mgh.harvard.edu/). The image processing includes motion correction and averaging of multiple T1-weighted images, removal of nonbrain tissue, registering the volume to the Talairach atlas, segmentation of the subcortical white-matter and deep gray-matter volumetric structures, intensity normalization, tessellation of gray-and white-matter boundaries (i.e., computing meshes with~160 000 triangles that recover the geometry and the topology of the pial surface and the gray/white interface), automated topology correction, and surface deformation following intensity gradients to place the gray/white and gray/ cerebrospinal fluid borders at the location where the greatest shift in intensity defines the transition to the other tissue class. A number of deformable procedures were performed, including surface inflation, registration to a spherical atlas which is based on individual cortical folding patterns to match cortical geometry across individuals, and parcellation of the cerebral cortex into units with respect to gyral and sulcal structure (Desikan et al. 2006) . Cortical thickness is measured as the closest distance from the gray/white boundary to the gray/CSF boundary at each vertex on the tessellated surface. Regional measures for cortical thickness are obtained by averaging the value of the vertices within each parcellation. Procedures for the measurement of cortical thickness have been validated against histological analysis (Rosas et al. 2002; Cardinale et al. 2014; Popescu et al. 2016 ) and manual measurements (Kuperberg et al. 2003; Salat et al. 2004) . Computations were performed on the GPC supercomputer at the SciNet HPC Consortium (Loken et al. 2010 ). After quality control, a total of 969 (466 males; 503 females) participants were included in the present study.
For each participant, the average cortical thickness was calculated by averaging the left and right hemisphere cortical thickness, as provided by FreeSurfer. For regional cortical thickness, we used thickness values for the 34 Desikan-Killiany regions in each hemisphere, as provided by FreeSurfer.
Allen Human Brain Atlas
Gene-expression data were obtained in postmortem human brains from the Allen Human Brain Atlas that provides comprehensive coverage of the normal adult brain (Allen Institute for Brain Science; Hawrylycz et al. 2012 ; http://www.brain-map. org). Expression data are available for the left hemispheres of 6 donors of the following sex and age: males (ages 24, 31, 39, 55, and 57 years) and a female (age 49 years). Based on blood samples acquired after death, all donors were free of drugs prescribed for psychiatric disorders.
Using procedures developed by French and Paus (2015) , we mapped the gene-expression data from the Allen Human Brain Atlas to the 34 cortical regions defined by the Desikan-Killiany atlas. The expression values of the mapped samples were mean averaged across microarray probes to provide a single expression value for each gene (NR3C1, AR, PGR, ESR1, and ESR2) for a given sample. Median averages were used to summarize expression values within each of the 34 Desikan-Killiany regions in the left hemisphere for a specific donor, then followed by the median average across the 6 donors to provide a single value for each region. The number of donors assayed per Desikan-Killiany region varied slightly; data from all 6 donors were used for 28 of the 34 regions (details, data files, and R script are provided in French and Paus 2015) . As described below, consistency of the expression profiles was evaluated in 2 ways: (1) by computing donor-to-median correlations in the Allen Brain Atlas dataset and (2) by comparing average expression profiles based on the Allen Brain Atlas with those extracted from the BrainSpan Atlas. Note that the Allan Human Brain Atlas covers the entire cerebral cortex in a comprehensive manner, thus allowing us to calculate values of gene expression for each of the 34 cortical regions segmented by FreeSurfer. On the other hand, the BrainSpan Atlas provides values of gene expression for 11 of the 34 regions (see below).
BrainSpan Atlas
The BrainSpan Atlas provides gene expression data in the developing human brain (www.brainspan.org). Here, we limited the samples by donor age that is within the age range of adolescents included in the SYS and donors constituting the Allen Human Brain Atlas, namely from 13 to 40 years of age. In this age range, there are 9 individuals of the following sex and age: 5 males (ages 15, 18, 23, 36, and 37 years) and 4 females (ages 13, 21, 30, and 40 years). We then downloaded gene-expression values obtained in 11 cortical regions included in the BrainSpan Atlas that are homologous to those corresponding closely to the Desikan-Killiany parcellation employed in our work with the Allen Human Brain Atlas (Supplementary Table 1 ).
Comparison of Gene-Expression Profiles in Allen Human Brain Atlas and BrainSpan Datasets
For each gene, the median expression level was calculated across donors for each cortical region. Using correlation analyses, we evaluated the similarity between the Allen Human Brain Atlas and BrainSpan Atlas in the respective expression profiles of the 5 genes.
Sex effects
To determine whether there were any sex differences in the median expression levels (calculated across 11 cortical regions) for the 5 genes, we conducted t-tests to compare the median expression levels between males and females using the BrainSpan Atlas.
Age effects
To determine whether there were any age effects of the brain donor on the median expression levels (calculated across 11 cortical regions for each donor), we conducted correlation analyses between the median expression levels and donor's age for each of the 5 genes.
Results
Sample characteristics are presented in Table 1 .
Correlation of Cortical Thickness and Age
For each of the 34 Desikan-Killiany regions, we conducted a correlation analysis between cortical thickness and age. To ensure normality of the correlation coefficients, we then conducted a Fisher's Z transformation on each of the 34 correlation coefficients (r). The transformed correlation coefficients and P values of the 34 correlation analyses are provided in Table 2 . In the majority of regions, cortical thickness decreased with age in both males and females. Regions that have the greatest age-related cortical thinning during adolescence were in the occipital, parietal, and frontal regions. Cortical thickness in the entorhinal and temporal pole regions did not vary with age in males, but varied positively with age in females. Cortical thickness in the parahippocampal region did vary negatively with age in males, but no relationship was observed in females.
Regional Cortical Gene-Expression Values
For each of the 34 Desikan-Killiany regions, the median mRNA expression levels of the 5 genes (NR3C1, AR, PGR, ESR1, and ESR2) are visualized in Figure 1 . To assess consistency of expression values across the 6 donor brains, the donor-tomedian profile correlation coefficients of the 6 donors were calculated and averaged. A donor-to-median profile correlation coefficient was calculated by correlating a donor's geneexpression profile (34 gene-expression values, one value per cortical region) with the median gene-expression profile (34 median gene-expression values from the 6 donors). These donor-to-median profile correlation coefficients were calculated for each of the 6 donors before they were averaged. The average donor-to-median profile correlation coefficients for NR3C1, AR, PGR, ESR1, and ESR2 are 0.84, 0.79, 0.46, 0.38, and 0.35, respectively. As recommended in French and Paus (2015) , the average donor-to-median profile provides a good approximation across the donors for genes that have a Spearman's ρ > 0.446 (corresponding to one-side P < 0.05 derived from random simulations of donor expression profiles). Thus, there is good approximation across the donors for NR3C1 and AR mRNA expression levels, marginal approximation across the donors for PGR mRNA expression levels, and weak approximation across the donors for ESR1 and ESR2 mRNA expression levels. As reported next, this corresponds to the degree of similarity in the expression profiles obtained in the Allen Human Brain Atlas and the BrainSpan Atlas.
Inter-Regional Profiles in Gene Expression: Comparison of the Allen Human Brain Atlas and the BrainSpan Atlas
For NR3C1, we observed a positive correlation between its mRNA expression levels from the BrainSpan Atlas and the Allen Human Brain Atlas across the 11 cortical regions (r = 0.82, P = 0.002). For AR, we also observed a positive correlation between its mRNA expression levels from the BrainSpan Atlas and the Allen Human Brain Atlas (r = 0.86, P < 0.001). The figures are provided in Supplementary Materials (Supplementary Figure 1A) . The correlation analyses between median expression levels of PGR, ESR1, and ESR2 from the BrainSpan Atlas and the Allen Human Brain Atlas were not significant (Ps > 0.11), consistent with the low values of median-to-donor correlations reported above.
To examine possible sex differences in the above interregional correlations in the 2 atlases, we have also evaluated the similarity of the median gene-expression levels in males (n = 5) and females (n = 4) from the BrainSpan Atlas with those obtained in the Allen Human Brain Atlas (median geneexpression levels from all 6 donors). We observed positive correlations between mRNA expression levels from the "male" subsample of the BrainSpan Atlas and the Allen Human Brain Atlas for both NR3C1 (r = 0.90, P < 0.001) and AR (r = 0.79, P = 0.004). The figures are provided in Supplementary Materials (Supplementary Figure 1B) .
For the "female" subsample of the BrainSpan Atlas, we observed a marginal positive correlation with the single-female profile from Allen Human Brain Atlas for NR3C1 mRNA expression levels (r = 0.58, P = 0.059), and a positive correlation for AR mRNA expression levels (r = 0.76, P = 0.006). The figures are provided in Supplementary Materials (Supplementary Figure 1C) .
Sex and Gene Expression in the BrainSpan Atlas
There were no sex differences in the median expression levels for the 5 genes (Ps > 0.31).
Age and Gene Expression in the BrainSpan Atlas
Except for AR mRNA expression levels, there were no relationships between expression levels of NR3C1, PGR, ESR1, and ESR2 with age (Ps > 0.23). For AR, mRNA expression levels decreased as a function of age, R 2 = 0.47, F(1,7) = 6.24, P = 0.04 Figure 2) .
Similarities in Gene-Expression Profiles in the BrainSpan Atlas by Age and Sex
Across the 11 cortical regions, we observed that expression levels are similar in youth (ages, 13, 15, 18, 21, and 23) and adults (ages 30, 36, 37, and 40) for NR3C1 (r = 0.64, P = 0.035) but not for AR (r = 0.35, P = 0.30). Similarly, we observed that expression levels are similar in males (n = 5) and females (n = 4) for NR3C1 (r = 0.6, P = 0.05) but not for AR (r = 0.45, P = 0.17). One should be cautious, however, in interpreting these findings given the small number of donors in each (age, sex) group used in these comparisons.
Cortical Thickness and Age as a Function of Gene Expression
To test whether inter-regional variations in the age-related cortical thinning are related to inter-regional variations in the mRNA expression levels of the 5 genes of interest, we conducted a separate regression analysis for each gene relating its mRNA expression with the Fisher's Z transformed correlation coefficient capturing the age-thickness relationship across the 34 cortical regions. The Fisher's Z varied negatively as a function of NR3C1 mRNA expression levels in both males R 2 = 0.46, F(1,32) = 27.54, P < 0.001, and females, R 2 = 0.30, F(1,32) = 13.76, P < 0.001 (Fig. 2A) ; thus, greater age-related thinning was associated with higher expression levels. The Fisher's Z varied negatively as a function of AR mRNA expression levels in males, R 2 = 0.25, F(1,32) = 10.78, P = 0.002, and marginally (also negatively) in females, R 2 = 0.10, F(1,32) = 3.69, P = 0.064 (Fig. 2B) . The Fisher's Z did not vary as a function of PGR, ESR1, or ESR2 mRNA expression levels in neither males nor females (Fig. 2C, D , and E, respectively). The statistics are provided in Table 3 . Since we conducted a total of 10 independent tests (5 genes in each sex), we applied a Bonferroni correction for multiple testing (corrected P value of 0.005). The results remained the same with this corrected cut off.
NR3C1 and AR Interaction
We observed an interaction between NR3C1 and AR expression (vis-à-vis Fisher's Z) in both males (P = 0.001) and females (P = 0.033). When correcting for the 2 tests, this interaction remains significant for males (P = 0.002) but not females (P = 0.066). We examined this interaction further by testing the relationship between Fisher's Z of age-related cortical thinning and NR3C1 mRNA expression level separately for 2 groups of cortical regions, namely those with "low" and "high" levels of AR expression (based on the median split). In the low AR mRNA expression group, Fisher's Z varied negatively as a function of NR3C1 mRNA expression levels in both males (R 2 = 0.64, F(1,15) = 26.72, P < 0.001) and females (R 2 = 0.58, F(1,15) = 20.42, P < 0.001), see Figure 3 . In the high AR mRNA expression group, this relationship was not observed in neither males (R 2 = 0.0045, F(1,15) = 0.068, P = 0.80) nor females (R 2 = 0.15, F(1,15) = 2.63, P = 0.13), see Table 4 .
Discussion
As hypothesized, inter-regional variations in age-related cortical thinning observed during adolescence were associated with inter-regional variations in mRNA expression levels of genes related to the HPA and HPG axes. Specifically, cortical thinning varied as a function of NR3C1 mRNA expression levels in both males and females; there is more thinning in brain regions with higher NR3C1 mRNA expression levels. Regions with the highest NR3C1 mRNA expression levels are in the occipital, parietal, and frontal lobe regions; these regions show the strongest age-related cortical thinning. Regions with the lowest NR3C1 mRNA expression levels are found in the temporal lobe; these regions show the least age-related cortical thinning. HPA-axis activation and its subsequent cortisol release is more likely to influence regional brain development in regions with high glucocorticoid receptors levels. In 2 previous studies of fronto-cortical gray matter found an association between cortisol levels and lower gray-matter volumes in the left ventral and inferior prefrontal regions in a sample of youth with posttraumatic stress disorder symptoms (Carrion et al. 2010) , and an association between cortisol levels and lower cortical thickness in left dorsolateral and ventrolateral prefrontal regions, and right dorsolateral and medial orbital frontal cortex in healthy middle-aged male twins (Kremen et al. 2010) . Since these 2 studies had chosen a priori regions of interests, it is possible that similar relationships would be observed in other regions with high NR3C1 mRNA expression levels. In our study, inter-regional variations in age-related cortical thinning also varied as a function of inter-regional variations in AR mRNA expression levels; this was the case in males only. Similar to NR3C1 expression, we observed more age-related cortical thinning in brain regions with higher AR mRNA expression. Regions with the highest AR mRNA expression levels, similar to NR3C1 mRNA expression, are also in the occipital, parietal, and frontal lobe regions, where there is the strongest age-related cortical thinning and lowest in the temporal lobe regions, where there is the least age-related cortical thinning. The null finding in females can be due to lower bioavailable testosterone levels in females than in males. During male puberty, rising testosterone levels bind to the androgen receptors in the brain and, in turn, are more likely to influence regional brain maturation during adolescence. Indeed, previous studies of adolescents found that testosterone was associated negatively with gray-matter volumes, particularly in the left frontal and parietal lobes (Neufang et al. 2009; Peper et al. 2009; Paus et al. 2010; Witte et al. 2010; Bramen et al. 2011) . In a longitudinal study of adolescents, Nguyen et al. (2013) found that bioavailable testosterone was associated negatively with cortical thickness in several regions in the frontal, parietal, and occipital lobes. Similarly, Savic and Arver (2014) found that bioavailable testosterone was related to parietal and occipital cortical thinning in men.
Consistent with literature on the cross talk of the HPA and HPG axes (as reviewed by Viau 2002), we observed an interaction between inter-regional NR3C1 and AR mRNA expression levels in explaining the inter-regional variations in age-related cortical thinning during adolescence in both males and females. We found that inter-regional age-related cortical thinning varied as a function of NR3C1 mRNA expression levels in brain regions with low AR mRNA expression levels but not in the regions with high AR mRNA expression levels. Regions that tend to have high AR mRNA expression levels also tend to have high NR3C1 mRNA expression levels and display strong age-related cortical thinning. This interaction suggests that during adolescence there might be a floor effect of age-related cortical thinning in brain regions with high NR3C1 and AR mRNA expression levels. This floor effect may be due to the interaction of the glucocorticoid and androgen receptors. In line with this possibility, Hartig et al. (2012) found that corticosteroids upregulate AR expression while decreasing AR activity and altering androgen effects on adipogenesis. Furthermore, the interplay between the HPA and HPG axes is illustrated by the inhibitory effects of stress on reproductive behavior (Rivier and Rivest 1991; Tilbrook et al. 2000) , and the inhibitory effect of testosterone on HPA axis response to stress (Viau and Meaney 1996) .
Contrary to our hypotheses, inter-regional age-related cortical thinning did not vary as a function of PGR, ESR1, or ESR2 mRNA expression levels. This null finding may be due to the lower consistency of the inter-regional PGR, ESR1, and ESR2 mRNA expression levels across the donor brains (i.e., lower average donor-to-median profile correlations, 0.46, 0.38, and 0.35, respectively), when compared with the high consistency found in NR3C1 and AR mRNA expression profiles (0.84 and 0.79, respectively). The lower consistency of the PGR, ESR1, and ESR2 mRNA expression profiles across the donor brains suggest that there is more individual variability in the mRNA expression levels across different brain regions making the use of median mRNA expressions of these genes less reliable. It is still possible, however, that inter-regional PGR, ESR1, and ESR2 mRNA expression levels for a given individual can be related to the rate of cortical thinning for the same individual during their brain development. This null finding can also be due to the low statistical power we have as we are working with 34 cortical regions as data points in our regression analyses. Finally, the null effect of the PGR mRNA expression on age-related cortical thinning in females can be due to the sexual dimorphic expression of the receptor (Guerra-Araiza et al. 2002) ; only 1 of the 6 donor brains was a female brain. Nonetheless, we did not observe any sex differences in the expression levels of PGR in the BrainSpan dataset. There is less sexual dimorphism in the distribution of ESR1 and ESR2; the distribution is similar in males and females throughout the brain, with the exception of the hypothalamus (Gillies and McArthur 2010) .
Across the cerebral cortex, the NR3C1 mRNA expression levels from the Allen Human Brain Atlas were strongly related to the NR3C1 mRNA expression levels from the BrainSpan Atlas. The same was true also about the AR mRNA expression levels. This cross-atlas consistency in inter-regional gene-expression profiles of the 2 genes provides additional confidence in their generalizability. There were, however, no relationships between expression profiles of PGR, ESR1, and ESR2 from the BrainSpan Atlas and the Allen Human Brain Atlas. This is consistent with low median-to-donor correlations of inter-regional profiles of these 3 genes in the Allen Human Brain Atlas; median-to-donor correlations lower than r = 0.446 suggest low reliability of the profiles (French and Paus 2015) .
We used the BrainSpan dataset to examine whether there were sex and age effects on expression levels of NR3C1, AR, PGR, ESR1, and ESR2. We found that there were no sex differences in the expression levels of the 5 genes, and no age effects for 4 of the 5 genes (NR3C1, PGR, ESR1, and ESR2). The only age effect was observed for AR, such that the median AR expression levels decreased with age. It is important to note that this agerelated decrease in the overall AR mRNA expression levels is unlikely to influence our findings given that inter-regional variations in AR expression are very similar between the Allen Human Brain Atlas and BrainSpan datasets, despite differences in the donor age. It should be noted that circulating levels of stress and sex hormones might influence gene expression of their receptors in the brain in a complex manner. For example, rats exposed to acute stress (vs. controls) had lower levels of NR3C1 mRNA expression levels in dentate gyrus of the hippocampus (Mifsud et al. 2016) . On the other hand, castrated male rats had higher levels of AR mRNA expression in the hippocampus 4 days after castration, when compared with intact rats (Kerr et al. 1995) . The same authors observed lower levels of AR expression in the hippocampus of young adult rats (5 months of age), when compared with old (2 months of age) rats (Kerr et al. 1995) . The latter finding suggests that-over an extended time period-lower levels of androgens are associated with up-regulation of AR expression. It is possible that our observation of age-related decreases in AR expression in the human cerebral cortex is related to overall increases in androgen levels between early puberty and young adulthood, as seen in male donors of the subsample of the BrainSpan dataset evaluated here (13-37 years of age).
Entorhinal cortex and temporal pole did not show any agerelated cortical thinning during adolescence, and these are regions with the lowest NR3C1 mRNA expression levels (as shown in Fig. 2A and in Fig. 3 ). Similar to our findings, entorhinal cortex and temporal pole also did not show age-related cortical thinning in a sample of 168 adolescents and young adults ages 8 to 30 from Norway (Tamnes et al. 2010) ; and in the same ongoing cohort from Norway with 331 participants ages 4 to 30 (Amlien et al. 2016) . It is important to note that entorhinal cortex and temporal pole showed age-related cortical thinning during aging in 883 participants ages 18 to 94 when 6 samples recruited from Norway, Sweden, and USA were pooled together (Fjell et al. 2009 ). Examining the 6 samples independently, entorhinal cortex displayed age-related cortical thinning in 5 of the 6 samples, and temporal pole displayed age-related cortical thinning in all 6 samples. From these studies, the lack of age-related cortical thinning of entorhinal cortex and temporal pole seems to be present in only the samples of adolescent and young adults, but not in the sample of participants from the entire life span. This suggests that the lack of age-related cortical thinning of entorhinal cortex and temporal pole is specific to this developmental period rather than a technical error.
We have shown here that inter-regional variations in cortical thinning during adolescence relate to variations in the expression of glucocorticoid and androgen receptor genes across the same cortical regions. The key limitation inherent in our approach is the fact that the 2 datasets, namely in vivo estimates of cortical thickness and ex vivo estimates of gene expression, come from different individuals. Thus, the thickness-expression relationship is tested at a group level, across 34 cortical regions. This requires high confidence in the groupbased profiles of the 2 sets of variables. In case of cortical thickness and its correlation with age, the profiles are based on data obtained in 466 males and 503 females. As we showed elsewhere, the male and female inter-regional profiles in cortical thinning are very similar (Paus et al. 2017) , thus supporting their validity. In case of gene expression, we showed that the inter-regional profiles are similar between 2 independent samples of "postmortem" brains (Allen Human Brain Atlas and BrainSpan) for NR3C1 and AR but not for PGR, ESR1, and ESR2. This pattern is consistent with the varied degree of interindividual similarity of these profiles among the 6 donors included in the Allen Human Brain Atlas (French and Paus 2015) . It is likely that increasing the number of donors would enhance the number of genes with reliable estimates of inter-regional profiles. Nonetheless, it is remarkable that such profiles of gene expression can be estimated reliably with data obtained in as few as 6 donors for some genes (e.g., NR3C1 and AR). Note also that, in this study, we have made use of gene-expression profiles in a directed rather than exploratory manner, focusing on a specific set of molecules known to be involved in brain maturation during adolescence, namely stress and sex hormones. Future studies could explore such relationships in a multivariate manner Figure 3 . The interaction of NR3C1 and AR mRNA expression levels. There was a significant NR3C1 and AR interaction in males and in females. In both males and females, inter-regional age-related cortical thinning varied as a function of inter-regional NR3C1 mRNA expression levels in the low AR mRNA expression group, but not the high AR mRNA expression group. Note: within each subfigure, each point represents 1 of the 34 cortical regions.
or employ other candidate genes selected for testing specific hypotheses. As shown in Supplementary Figure 3 , there are many other genes that show similar relationship between the inter-regional profile of age-related cortical thinning and their expression across the 34 cortical regions.
In conclusion, both glucocorticoid and androgen receptors appear to play a role in cortical maturation during adolescence. We found that inter-regional variations in age-related cortical thinning were associated with inter-regional variations in NR3C1 and AR mRNA expression levels in the cerebral cortex. Examining the 2 genes together, the relationship between inter-regional age-related cortical thinning and inter-regional NR3C1 mRNA expression levels was present in cortical regions with low AR mRNA expression levels but not in cortical regions with high AR mRNA expression levels. The observed NR3C1 and AR interaction on cortical maturation during adolescence extends the existing literature on the interplay of the HPA and HPG axes. Future studies can examine how physiological and behavioral measures (e.g., steroid hormones, cognition, stress exposure, and mental health) relate to different cortical regions implicated in this study. These studies will allow us to understand further how stress and sex hormones shape individual differences in cognition and mental health during adolescence.
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